The emission at a wavelength of 1550 nm from erbium ions is strongly enhanced by using a silver double grating. The surface plasmon polaritons ͑SPPs͒ are generated through the relaxing of the excited erbium ions. One component of the double grating couples the SPPs into photons, whereas another provides the band gap for the SPPs. The − / 2 phase difference between the two grating profiles offers the opportunity for the selection of desired wavelength. Furthermore, the emission efficiency for 1550 nm can be increased more than one order of magnitude over other wavelengths in the 1.5 m optical communication windows. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2423239͔
The erbium ion is an important rare-earth material for optical communication due to its intra-4f transitions. However, at a certain temperature for a given host, emission spectra around 1550 nm are fixed because they are dependent on the Boltzmann distribution over the ground and excited levels. Recently, the energy transfer between the erbium ions and the SPPs at the interface of metal and silica has been demonstrated. 1 Emission spectra close to 1550 nm could be modified by grating structures due to surface plasmon polaritons ͑SPPs͒ reradiated into far field. 2 Hence, the SPPsassisted light emission of erbium ions has shown significant promise. In this letter, we present a double-grating configuration that greatly strengthened the emission of erbium ions. The emission efficiency of the erbium ions at 1550 nm increased more than ten times over other emission wavelengths within the 1.5 m communication windows, since the maximum density of the states ͑DOS͒ of the SPPs that localized at the edge of the band edges was coupled out. [3] [4] [5] [6] In addition, we demonstrated how the emission peak of the erbium ions can be chosen by the phase difference between the two grating profiles. Figure 1 illustrates the scheme for emission enhancement, where the silver double grating is superimposed from two single gratings. A thin layer of erbium-doped silica was coated onto the surface of the silver grating, which was deposited on a silicon-on-insulator substrate. The silver doublegrating profile is given below:
where d 1 and d 2 are the amplitudes of the two single grating components, x is a spatial coordinate, and is the phase difference between the two single gratings. K is defined as the grating vector ͑equal to 2/grating pitch͒. In Fig. 2͑a͒ , the reflectivity of a single grating ͑the first part of doublegrating profile͒ as a function of wavelength and incident angle is illustrated. Here the parameters are d 1 = 17 nm and grating pitch= 1537 nm. The dielectric constant of silver is assumed as = −98.07+ 6.95i at 1.5 m. Considering how the light is incident onto the metal gratings, the reflectivity of the gratings is associated with the specular reflection and reradiation by the SPPs. 4 By increasing the coupling coefficients between the SPPs and the photons, the specular reflection decreases and the SPP reradiation emission increases. In the best scenario, assuming that the photons from the reflection and the reradiation emission have the same amplitudes and are out of phase, then the destructive interference will occur at far field. This will result in a further dip in the reflectivity graph. Therefore, the depth of the dips in the reflectivity graph can be considered as a reasonable measure for the coupling coefficients between the SPPs and the photons. As can be seen, the coupling efficiency reaches approximately 50% around 1550 nm according to Fig. 2͑a͒ . After adding another single grating ͑d 2 = 7.1 nm͒, the band gap is established due to the 2K Bragg scattering, shown in Fig. 2͑b͒ . The maximum DOS of the SPPs is achieved at the band edge due to the nearly flattened dispersion curve around 1550 nm.
Excited erbium ions can be relaxed through generating SPPs that travel in all directions along the silver/silica interface. For simplicity, we only consider the SPPs which propagate parallel to the grating vectors. The nonradiative SPPs could be reradiated out through adding or subtracting a multiple of grating vectors. In order to satisfy the wave vector conservation in the tangential coordinate, the equation below must be followed:
Where K 0 is the wave vector of the photon in the silica, is the angle of the emission light relative to the surface normal, K SPP is the wave vector of the SPPs, and n 1 and n 2 are integers. Reasonable choices of n 1 and n 2 are n 1 = ± 1 and n 2 a͒ Also = 0 because the internal angle of light in silica should not exceed 44°, at which the external collection will be obscured due to total internal reflection at the interface of air and silica. In this case, the reradiated spectrum of the SPPs perpendicular to the grating surface has two emission peaks corresponding to the upper and lower band edges. The band structure of the double grating has been analyzed using the so-called Candezon technique. 7 The normalized central position and band gap width are given below:
where + , − , and 0 are upper, lower, and central frequencies; K is equal to the grating vector; 1 and 2 are the dielectric constant of silica and real part of dielectric constant for silver respectively; and c is the light velocity in vacuum. In Fig. 3 , the wavelength corresponding to the lower and upper band edge for different amplitude of d 2 is given. When the amplitude ͑d 2 ͒ of the second grating is equal to 7.1 nm, the wavelength of the lower band edge is equal to 1550 nm, whereas the wavelength of upper band edge is 1541 nm. The band gap between them is about 9 nm and the central wavelength of the gap is 1545.5 nm.
We define the DOS of the SPPs in the following equation:
͑5͒
It is a summation over wave vectors K sppʈ , which is the parallel component of K SPP along the interface between the silica and metal, and real part of different SPP bands. In Fig.  4 , the special dispersion relation of the SPPs in lower band, caused by the double grating, is illustrated on the left and the relationship between the wavelength and the DOS of the SPPs is shown on the right. It can be seen that the DOS of the SPPs close to 1550 nm is about one order higher than at other wavelengths. Since coupling efficiency at the lower band edge between the SPPs and the photons is the same as the single grating case, the emission efficiency at the wavelength of 1550 nm, in double-grating case, could be one order higher than other wavelengths above 1550 nm. The same analysis can be applied to the upper band of the SPPs. Figure 5 shows the reflectivity of the double grating with a −90°phase ͑͒ difference. The emission at 1541 nm is prohibited because the upper band has been divided into two parts, due to the added phase difference, and the coupling efficiency between the SPPs and the photons falls to zero. Because the coupling efficiency between the SPPs and the photons near 1550 nm can be as high as 80% ͑higher than the 50% mentioned above, due to the added phase difference͒ and the DOS of the SPPs is the same as shown in Fig.  4 , the emission efficiency at 1550 nm could be more than one order of magnitude higher than other wavelengths in the 1.5 m communication windows.
In this letter, we have investigated the double-grating effect that is proven to boost the emission efficiency of the erbium ions at the wavelength of 1550 nm. The emission spectra which are normal to the plane of surface grating profiles have two peaks corresponding to the two SPP band edges. The −90°phase shift between the two grating profiles is applied to purify the emission spectra so that a single emission at the wavelength of 1550 nm at more than one order of magnitude higher than other wavelengths within 1.5 m communication windows can be obtained.
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